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Abstract  
Among Transition-Metal Dichalcogenides, mono and few-layers thick VSe2 has gained much recent attention 
following claims of intrinsic room-temperature ferromagnetism in this system, which have nonetheless proved 
controversial. Here, we address the magnetic and chemical properties of Fe/VSe2 heterostructure by combining 
element sensitive absorption spectroscopy and photoemission spectroscopy. Our x-ray magnetic circular 
dichroism results confirm recent findings that both native mono/few-layer and bulk VSe2 do not show any 
signature of an intrinsic ferromagnetic ordering. Nonetheless, we find that ferromagnetism can be induced, 
even at room temperature, after coupling with a Fe thin film layer, with antiparallel alignment of the moment 
on the V with respect to Fe. We further consider the chemical reactivity at the Fe/VSe2 interface and its relation 
with interfacial magnetic coupling. 
 
1. Introduction  
2D Transition Metal Dichalcogenides (2D-TMDs) have been recently attracting increasing attention due 
to their unique physical properties when passing from three-dimensional crystals to single or few layers [1–5], 
with applications ranging in electrocatalysis [6,7], optoelectronics [4], batteries [8,9], piezoelectricity [10] and 
memory devices [11]. 
Among dimensionality effects observed in TMDs, metallic VSe2 is a paradigmatic case. While in its bulk form 
it displays the onset of charge density waves  (CDW) at 110 K [12–14], in the 2D limit a CDW with enhanced 
TC and coupling strength is observed [15–17] (sometimes even considered a metal-insulator transition [15]), 
2 
 
and with a different pattern of atomic displacements to the bulk [18,19]. Moreover, its dimensionality-
dependent magnetic properties are still under debate. First-principles calculations have predicted that 
monolayer (ML) VSe2 might be a 2D itinerant-type ferromagnet, with a magnetic moment per unit cell of 
about 0.69 μB [1,16,20–23]. Although magnetometry measurements reported a strong ferromagnetic response 
at room temperature [20,24,25], element sensitive spectroscopic results showed no magnetic signal at V L2,3 
edges, down to cryogenic temperatures [26,27]. Only very recently, a dichroic signal has been reported in the 
case of chemically exfoliated ML VSe2, which becomes more pronounced after surface passivation.[28] Thus, 
while the most recent studies generally find that quasi-freestanding monolayer VSe2 is not intrinsically 
ferromagnetic [18], it remains an interesting open question if ferromagnetism can be coupled into the system, 
for instance by proximity to a magnetic overlayer.  
In this work, we explore the use of such magnetic proximity effects where the magnetic coupling with a 
ferromagnetic overlayer (Fe in present case) is used as spectroscopic fingerprint, an approach already used in 
other 2D systems [17,29–31]. Specifically, we aim at investigating both the intrinsic and the induced 
magnetism of VSe2, including its layer dependent behaviour, before (i.e. in the pristine case) and after 
depositing a thin Fe layer on top of it. In our study, based on chemical sensitive techniques such as X-ray 
absorption spectroscopy (XAS), X-ray magnetic circular dichroism (XMCD), and photoemission spectroscopy 
(PES), we focus on two aspects: (i) the magnetic state of VSe2, both as bulk and MLs, and (ii) the chemical 
stability and/or chemical modifications occurring at the Fe/VSe2 interface. While XMCD measured at V L2,3 
edges on pristine 3D and 2D VSe2 do not display magnetic signal at room temperature [26,27], a clear 
ferromagnetic signal at room temperature is observed when a Fe overlayer is deposited, with an antiparallel 
coupling between V and Fe. We also identify a tendency of Se to migrate towards the surface, leading to a (at 
least partial) metallization of V and therefore to a Fe/V antiferromagnetic coupling. Our element sensitive 
characterizations of the Fe/2D-VSe2 heterostructure open the way to further studies on proximity effects on 
2D-TMDs, with the aim of reducing the chemical reactivity at the interface and maximizing the proximity-
induced magnetic coupling.  
The paper is organized as follows. Section II briefly describes the growth techniques of the MLs and bulk 
VSe2, the decapping procedure and the Fe deposition conditions, together with the experimental setup of the 
measurements. Section III will focus on the decapped, pristine VSe2 samples, whereas Section IV will concern 
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the study on both the proximity effect and chemical reactivity of the Fe/VSe2 heterostructure. Finally, Section 
V will summarize the results and draw the main conclusions. 
2.  Methods  
2D-VSe2 films were grown on graphene (Gr) / SiC substrates using molecular-beam epitaxy (MBE) 
deposition. Details on the growth technique can be found in ref. [26]. The number of MLs of the different 
samples was estimated by calibrating the deposition rate. Samples were then capped with a protective Se layer 
of few nanometers thickness after growth to allow transferring them in air. Single crystals of VSe2 were 
produced by the Chemical Vapour transport technique [32]. The VSe2 bulk sample was cleaved in ultra high 
vacuum conditions (base pressure ∼1×10-10 mbar). 
XAS, XMCD and PES measurements were performed at APE-HE beamline at Elettra synchrotron [33]. 
XAS and XMCD measurements were taken in total electron yield (TEY) mode, normalizing the intensity of 
the sample current to the incident photon flux current at each energy value. Absorption spectra were taken in 
circular polarization, with an incident angle of 45°. The XMCD measurements were performed under 
remanence conditions: i.e. at each energy point of the spectra, alternating magnetic field pulses of ± 300 Oe 
were applied in the sample plane (exceeding the field strength at which the magnetisation saturates), and then 
the signal measured in zero applied field in both cases. Dichroic signal intensities were corrected by taking 
into account both the 75% degree of circular polarization of the incident light and the 45° between the sample 
magnetization and the photon angular momentum. The spectra were taken both at room temperature and at 
100 K. Element sensitive hysteresis loops at the V and Fe edges were taken by selecting the L3 edge and pre-
edge absorption energies of either V or Fe with both phonon helicities and scanning the magnitude of the 
magnetic field in the range ±100 Oe in the sample plane. PES measurements were recorded with an Omicron 
EA125 hemispherical electron energy analyser, with the sample at 45° with respect to the impinging linearly 
polarized light and normal to the surface. 
Further experiments were performed at I09 beamline at Diamond Light  Source (UK), including LEED, PES 
and ARPES measurements at soft-X ray energies. PES and ARPES measurements were recorded with a VG 
Scienta EW4000 analyser, at 75 K in the latter case. The endstation is designed with an angle between the 
incident beam and the analyser axis of 87°. Angular dependent PES measurements were taken with an incident 
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angle of 39°, with a ± ~20° range angular dependence, which gives an emission angle (i.e. the angle between 
the emitted electron and the sample surface normal) between 70° (more grazing, i.e. more surface sensitive) 
and 30° (more normal, i.e. more bulk sensitive). 
After the decapping of the samples, in both experiments the Fe deposition on ML VSe2 thin films and bulk 
samples was done via MBE in a preparation chamber connected to the end stations chambers, at a base pressure 
of 2 × 10-10 mbar, with a deposition rate of 0.65 Å/min. All Fe depositions were done at room temperature.  
3. Pristine VSe2  
 
Figure 1 – (a) PES measurements at 900 eV of Se 3d edges of a capped 1 ML VSe2 sample during the 
decapping process. The sample is heated up during the measurements (yellow to red for increasing 
temperature). (b) LEED pattern after decapping taken at room temperature at 108 eV. (c) ARPES measurement 
taken at 75 K at 110 eV. 
The decapping of a protective Se layer deposited atop the MBE-grown samples after growth was done by 
slowly heating up the sample up to ~450 K in situ and monitoring via PES the evolution of V 2p and Se 3d 
edges during the decapping process, with a impinging photon energy of 900 eV. Figure 1 shows an example 
of the evolution of the Se 3d edges during the decapping. Its initial state (in yellow) corresponds to an 
amorphous Se0 state, with its peaks at 54.9 and 54 eV. While heating, the peaks gradually shift, since reaching 
the Se2- state (in red), with peaks at 53.5 and 52.6 eV for Se 3d5/2 and 3d3/2 respectively, for a shift of 1.4 eV 
between the two states, in good accordance with previously reported PES studies on VSe2/Se0 decapping 
measurements [34]. At the same time, V 2p peaks increase in intensity as long as the temperature increases 
(Figure S1 in the Supplementary material). The initial peaks present shoulders, probably due to contamination 
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coming from the air, which disappear once the capping is fully removed. The final V 2p edges have 2p3/2 and 
2p1/2 peaks at 513 and 520.5 eV, i.e. with a spin-orbit coupling of 7.5 eV [27]. 
The quality of the complete decapping of the surface and of the 2D-VSe2 was verified via LEED and ARPES 
measurements (Figures 1b and 1c). The LEED pattern on clean 2D-VSe2 (Figure 1c), measured at room 
temperature at 108 eV, shows (i) the sharp spots coming from both the Gr underlayer and the SiC substrate, 
and (ii) the elongated Bragg spots of the 2D-VSe2 layer, due to the distributed rotational domains of the ML, 
consistent with recent observations in similar systems [26]. The ARPES measurements, taken at 75 K at 110 
eV (Figure 1d) along K-Γ-M axis, shows the V 3d band localized close to the Fermi edge and the Se 4p bands 
dispersing downward, centred on kx=0 [26,27,35]. 
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Figure 2 – XAS measurements at V L2,3 edges on VSe2 MLs after the decapping procedure and VSe2 bulk 
after cleaving. All spectra were taken at room temperature. 
Figure 2 shows the XAS spectra at V L2,3 edges taken on both bulk and MLs VSe2 films after the removal 
of capping Se layer. Both 3D and 2D samples present a 4+ state, with L2,3 peaks of 2D samples with energies 
shifted to lower values of 0.3 eV with respect to the bulk one. All samples present a shoulder before L3 edge, 
at 513.3 eV, particularly pronounced in the case of bulk sample. L2,3 peaks positions at 514.8 and 522 eV 
respectively for the ML thin films place them at energy values lower than what reported for VO2 [36–40] and 
higher than metallic V (reported at 512 eV) [41], whereas the bulk sample has a slightly shifted L3 edge, at 
515.3 eV.    
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Regarding the magnetic behaviour of VSe2 before Fe deposition, no sign of dichroic signal was detected on 
any of the samples within the instrumental sensitivity limits, confirming what previously reported on similar 
samples by the same technique [26,27]. In the following, such lack of dichroic signal will be discussed by 
comparing it with the case of the proximity-induced magnetism in the Fe/VSe2 heterostructure. 
4. Fe/VSe2 Heterostructure 
4.1 Proximity induced ferromagnetism 
Figure 3 shows the XAS and XMCD spectra at V L2,3 edges taken before (light colours) and after (dark 
colours) the 2 nm Fe deposition, for both the 1ML case (Figure 3a) and the bulk VSe2 (Figure 3b) sample, 
together with the XAS and XMCD spectra at Fe L2,3 edges of the 1ML case (Figure 3c). All spectra are 
measured at room temperature.  
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Figure 3 – (a,b) XAS and XMCD spectra at V L2,3 edges on pristine VSe2 (light colours) and Fe (2 nm) / VSe2 
(dark colours), for 1ML (a) and bulk (b) samples. XMCD spectra are multiplied by a factor 5. (c) XAS and 
XMCD at Fe L2,3 edges for Fe (2 nm) / 1ML VSe2. All spectra are measured at room temperature. 
Firstly, we focus on the comparison of the XAS spectra. In Figure 3a, we can notice that the 1ML VSe2 sample 
presents a general shift of V L2,3 edges towards lower energies after Fe deposition compared to the pristine 
case, together with a smoothening of the L3 pre-edge features. Similar modifications were observed for all MLs 
samples. Such shift is an indicator of a possible chemical modification of the ML upon Fe deposition, with a 
tendency of V to metallize towards a V0 state, as will be further discussed in the following. In the case of the 
bulk sample (Figure 3b), the position and width of the L3 edge remain unchanged after Fe deposition, whereas 
the pre-edge is modified, with an increase of its signal intensity.  
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Regarding the XMCD, Figure 3a shows a comparison between the XMCD signal of 1ML VSe2 sample before 
and after Fe deposition, both magnified by a factor of 5 with respect to the XAS sum spectra. In the case of 
the Fe/2D-VSe2 heterostructure, a clear L3 asymmetry peak is measured. The maximum of the asymmetry takes 
place on the L3 pre-edge at 513.5 eV, with an intensity of 2.3%, while its value goes to zero on the L3 edge 
(514 eV). In the case of the 2 and 3 MLs samples, their dichroic signal was 1.2% and 1.4% respectively. 
Together with the XMCD of the heterostructure, Figure 3a shows the dichroic signal of V for the pristine 1ML 
VSe2. We can observe that no features are present in correspondence to the L3 asymmetry of the heterostructure, 
while the signal intensity, below 0.3%, is inside the instrumental sensitivity limit [42]. In the case of bulk VSe2, 
the XMCD features are much less defined than in the 2D cases, with an asymmetry of 0.5%. Interestingly, the 
photon energy value of the maximum of the asymmetry of the 3D sample (513.5 eV) is the same of the 2D 
ones. This suggests that for both ML and bulk samples the contribution to the dichroic signal comes from the 
interface. Whereas in the former case the whole sample is affected by the interfacial coupling because of its 
2D nature, in the latter one the TEY probing depth of ~5-7 nm integrates over a thicker volume of the sample, 
thus the interfacial chemical modifications of V are mostly covered by the unmodified signal coming from 
below the interface. 
Corresponding to the dichroic signal of V, Figure 3c shows the XAS and XMCD spectra at Fe L2,3 edges of 
the same Fe (2 nm) / 1ML VSe2 sample. The L3 dichroic signal intensity at Fe edge is 23%, i.e. the Fe layer 
thickness was not large enough to have a full Fe magnetization at room temperature [43]. Similar values of Fe 
dichroic signals were obtained for all samples. V and Fe dichroic signals are opposite in sign, which is 
indicating an antiparallel coupling between the two in the film plane. A similar antiparallel coupling has been 
recently observed on Co/2D-VSe2 heterostructures [44].    
By using the sum rules [43], it is possible to estimate the total magnetic moment of V in the 
heterostructure. This operation requires great carefulness because of two aspects: (a) the very close distance 
between L2 and L3 edges, which increases the error bar of the measured values, and (b) the possible coexistence 
of metallic V and VSe2. Indeed, the evolution of the XAS V spectra upon Fe deposition opens questions on 
the chemical stability of the ML, or more generally on the interfacial layer. Indeed, XAS spectra show a 
tendency of V to metallize towards a V0 state, with the shift of L3 edges towards lower energies. The appearing 
antiferromagnetic coupling between Fe and V is consistent with what has been observed via XMCD 
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measurements in the case of metallic Fe/V interfaces [45–50]. The shape of the measured XMCD shown in 
Figure 3 has good resemblance with the dichroic signal reported in the case of Fe/V multilayers [46], which 
reports a total magnetic moment of V of 0.26 μB. In the case of 2D-VSe2, the theoretically predicted total 
magnetic moment of V is of about 0.69 μB [16]. Because of these considerations, both 4+ and purely metallic 
V states have been considered. By normalizing the measured Fe dichroic signal for the bulk value of Fe of 
2.18 μB, we obtain a total magnetic moment of V that has its maximum value for the 1ML case of the order of 
0.16 ± 0.08 μB, a value closer to the metallic V case than the VSe2 one.  
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Figure 4 – (a,b) XMCD spectra at (a) V and (b) Fe L2,3 edges on Fe (2nm) / 2ML VSe2 sample at 300 K (dark) 
and 100 K (light); (c,d) Element sensitive hysteresis loops at Fe and V L3 edges on Fe (2nm) / 2ML VSe2 
sample at (c) 300 K and (d) 100 K 
To further prove the antiferromagnetic coupling at the interface, we measured element sensitive hysteresis 
loops on both V and Fe edges, at room temperature and at 100 K. Figure 4 shows the evolution of the 
ferromagnetic response of Fe / 2ML VSe2 heterostructure. Figure 4a,b shows the XMCD signals at (a) V and 
(b) Fe L2,3 edges at 300 K and 100 K. Both V and F dichroic signals proportionally increase once cooled down, 
confirming an interfacial exchange coupling between the two elements. The antiferromagnetic interfacial 
coupling is moreover confirmed by element sensitive hysteresis loops at Fe and V L3 edges. Figures 4c and 4d 
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show the hysteresis loops of Fe (2nm) / 2ML VSe2 sample at (c) 300 K and (d) 100 K. The signal of the V 
follows the magnetic response of the Fe layer, with identical coercive field and opposite sign. At room 
temperature, Fe presents a coercive field of 4 Oe and a ratio between remanence magnetization and saturation 
magnetization Mr/Msat ratio of ~80%, with V with antiparallel alignment. At 100 K, Fe coercive field reaches 
10 Oe, with similar Mr/Msat ratio.  
4.2 Chemical reactivity at Fe/VSe2 interface 
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Figure 5 – PES measurements at 900 eV on 1 ML VSe2 after decapping (green) and after 0.5 nm Fe deposition 
(blue): (a) V 2p edge, (b) Se 3p and Si 2s edges. 
To have an in depth understanding of the interfacial coupling taking place at the Fe/VSe2 interface, surface 
sensitive spectroscopic characterizations such as PES, ARPES and LEED measurements were taken, 
comparing a pristine 1ML VSe2 sample and the same sample after 0.5 nm Fe deposition. Figure 5 shows a 
comparison of PES spectra, taken at 900 eV before and after 0.5 nm Fe deposition at V 2p (a) and at Se 3p and 
Si 2s (b) edges. A series of modification at these edges occurring between the two stages suggests how the 
creation of a Fe/VSe2 interface affects the features of the whole VSe2 ML. Firstly, V 2p peaks shift towards 
lower binding energies (Figure 5a), with a shift of V 2p3/2 of -0.5 eV (from 513.1 eV to 512.6 eV). At the 
meantime, Se 3p shift towards higher binding energies (Figure 5b), with a shift of Se 3p3/2 of +0.5 eV, whereas 
Si 2s peak, coming from the substrate, remains unmodified. These energy shifts are a signature of an 
intermixing between VSe2 and Fe after Fe deposition. Regarding Se 3d edge, its 3d3/2 and 3d1/2 peaks at 54.3 
and 53.5 eV measured after decapping, characteristic of VSe2 MLs [34], are overlapping with Fe 3p edge after 
10 
 
0.5 nm Fe deposition. The Se 3d features are therefore not recognizable anymore, and replaced by a broad Fe 
3p edge (Figure S2 in the supplementary). The signs of an intermixing between VSe2 and Fe were also 
confirmed by the LEED and ARPES measurements. After Fe deposition, the LEED pattern measured in the 
same conditions showed no features. Whereas the spots of the Gr/Si substrate, already weak on the pristine 
ML VSe2, are hardly detectable since almost out of the probing depth of the measurements, the Bragg spots of 
VSe2 are not measurable anymore, while no spots due to Fe deposition are detected (Figure S3 in the 
supplementary). This loss of information implies a loss in details in ARPES features too, which are almost 
completely covered by the broadly dispersive band of Fe (Figure S3).  
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Figure 6 – Angular dependent evolution of the peak intensities of the PES spectra at Se 3p3/2, Fe 2p3/2, V 2p3/2 
and Si 2s peaks on Fe (0.5 nm) / 1 ML VSe2 sample, as a function of the emission angle. 
A direct proof of the interfacial intermixing can be seen via an element sensitive depth profile of the Fe 
(0.5 nm) / 1 ML VSe2 interface, by means of angular dependent PES measurements. Figure 6 shows the 
angular dependent evolution of the peak intensities of the PES spectra at Fe 2p3/2, Se 3p3/2, V 2p3/2 and Si 2s 
edges on Fe (0.5 nm) / 1 ML VSe2 sample, as a function of the emission angle. Measurements were taken by 
changing the photon energy in order to have a kinetic energy of 250 eV at the main edge for all spectra. This 
allows having comparable probing depths among the spectra, i.e. correctly comparing the depth profiles of the 
different elements. Non-uniformities due to the analyser were taken into account by normalizing the curves 
using a reference background (i.e. a flat photoemission spectrum). Finally, the intensities were corrected by 
taking into account the photoelectron angular distribution parameters for each element [51]. The intensities 
were therefore normalized to one at the smallest emission angle, i.e. at the most bulk sensitive measurements.  
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In case of an element confined at a certain height of the sample stack, the peak intensity is expected to 
decrease monotonically with the increase of the emission angle, with a larger slope for elements far from the 
surface.[52] In Figure 6, the Si 2s peak signal (in grey), coming from the substrate, acts as a reference. In the 
case of Fe 2p3/2 and V 2p3/2 peaks, the slope is reduced, with a signal of Fe slightly larger than the one of V at 
large emission angles. We can therefore consider Fe stably confined on top of the ML and V below the 
deposited Fe layer. Se 3p3/2 peak, on the other hand, shows a strongly reduced slope, which indicates the 
tendency of Se to segregate from the 2D-VSe2 and migrate towards the surface, thus inducing the metallization 
of V, as shown in the previous paragraph. Se is known to easily form Se-Fe bonding; a similar interfacial 
chemical reaction has been observed at Fe/ZnSe interface, independently on the ZnSe initial surface 
termination.[53] 
5 Conclusions 
We have presented an element sensitive characterization of the magnetic and chemical properties of VSe2, 
from bulk down to few layers, both in the pristine case and in the Fe/VSe2 heterostructure. No intrinsic 
ferromagnetism, as due to the absence of dichroic signal, is observed on pristine samples, at any thickness. 
After depositing the Fe overlayer, an antiparallel aligned dichroic signal appears at V and Fe L2,3 edges, 
indicating ferromagnetism as due to magnetic proximity effect. The estimated moment of 0.16 ± 0.08 μB leads 
to a clearly observable signal here, while no dichroic signal is evident for the pure monolayer without Fe 
coverage, putting stringent constraints on the magnitude of any possible magnetic moment in pristine VSe2. 
Indeed, our results are thus in strong support of recent observations that the pristine MBE-deposited VSe2 
monolayer is not ferromagnetic. 
For the proximity-coupled system studied here, the combination of XAS, PES, LEED, ARPES and angular 
dependent PES shows how the structural and chemical order of interfacial VSe2 is endangered upon Fe 
deposition. A tendency of V to metallize towards a V0 state, originating from the Se propensity to migrate 
towards the surface, is observed.  
Our results show that the chemical stability of ML-VSe2 upon deposition of a metallic ferromagnetic layer 
may be partially lost. At the meantime, the clear proximity-induced coupling at the interface between V and 
Fe motivates to further explore different ferromagnetic/2D-TMDC heterostructures. 
12 
 
Acknowledgements 
This work has been partially performed in the framework of the nanoscience foundry and fine analysis (NFFA-
MIUR Italy Progetti Internazionali) project. We gratefully acknowledge support from The Leverhulme Trust 
(Grant No. RL-2016-006) and The Royal Society. 
References 
[1]  Han G H, Duong D L, Keum D H, Yun S J and Lee Y H 2018 Van der Waals Metallic Transition 
Metal Dichalcogenides Chem. Rev. 118 6297–336 
[2]  Shi J, Hong M, Zhang Z, Ji Q and Zhang Y 2018 Physical properties and potential applications of 
two-dimensional metallic transition metal dichalcogenides Coord. Chem. Rev. 376 1–19 
[3]  Feng Y P, Shen L, Yang M, Wang A, Zeng M, Wu Q, Chintalapati S and Chang C R 2017 Prospects 
of spintronics based on 2D materials Wiley Interdiscip. Rev. Comput. Mol. Sci. 7 e1313 
[4]  Wang Q H, Kalantar-Zadeh K, Kis A, Coleman J N and Strano M S 2012 Electronics and 
optoelectronics of two-dimensional transition metal dichalcogenides Nat. Nanotechnol. 7 699–712 
[5]  Jiang S, Zhang Z, Hong M, Yang P, Zhang Y, Zhao G and Shi J 2019 Recent progress in the 
controlled synthesis of 2D metallic transition metal dichalcogenides Nanotechnology 30 182002 
[6]  Zhao W, Dong B, Guo Z, Su G, Gao R, Wang W and Cao L 2016 Colloidal synthesis of VSe2 single-
layer nanosheets as novel electrocatalysts for the hydrogen evolution reaction Chem. Commun. 52 
9228–31 
[7]  Chia X, Ambrosi A, Lazar P, Sofer Z and Pumera M 2016 Electrocatalysis of layered Group 5 
metallic transition metal dichalcogenides (MX2, M = V, Nb, and Ta; X = S, Se, and Te) J. Mater. 
Chem. A 4 14241–53 
[8]  Mikhaleva N S, Visotin M A, Kuzubov A A and Popov Z I 2017 VS2/Graphene Heterostructures as 
Promising Anode Material for Li-Ion Batteries J. Phys. Chem. C 121 24179–84 
[9]  Ji Q, Li C, Wang J, Niu J, Gong Y, Zhang Z, Fang Q, Zhang Y, Shi J, Liao L, Wu X, Gu L, Liu Z 
and Zhang Y 2017 Metallic vanadium disulfide nanosheets as a platform material for multifunctional 
electrode applications Nano Lett. 17 4908–16 
[10]  Yang J, Wang A, Zhang S, Liu J, Zhong Z and Chen L 2019 Coexistence of piezoelectricity and 
magnetism in two-dimensional vanadium dichalcogenides Phys. Chem. Chem. Phys. 21 132–6 
[11]  Zhou J, Qiao J, Duan C-G, Bournel A, Wang K L and Zhao W 2019 Large tunneling 
magnetoresistance in VSe2/MoS2 magnetic tunnel junction ACS Appl. Mater. Interfaces 11 17647–53 
[12]  van Bruggen C F and Haas C 1976 Magnetic susceptibility and electrical properties of VSe2 single 
crystals Solid State Commun. 20 251–4 
[13]  Bayard M and Sienko M J 1976 Anomalous electrical and magnetic properties of vanadium 
diselenide J. Solid State Chem. 19 325–9 
[14]  Tsutsumi K 1982 x-ray diffraction study of the periodic lattice distortion associated with a charge 
density wave in 1T-VSe2 Phys. Rev. B 26 5756–9 
[15]  Duvjir G, Choi B K, Jang I, Ulstrup S, Kang S, Thi Ly T, Kim S, Choi Y H, Jozwiak C, Bostwick A, 
Rotenberg E, Park J G, Sankar R, Kim K S, Kim J and Chang Y J 2018 Emergence of a Metal-
Insulator Transition and High-Temperature Charge-Density Waves in VSe2 at the Monolayer Limit 
Nano Lett. 18 5432–8 
13 
 
[16]  Ma Y, Dai Y, Guo M, Niu C, Zhu Y and Huang B 2012 Evidence of the existence of magnetism in 
pristine VX2 monolayers (X = S, Se) and their strain-induced tunable magnetic properties ACS Nano 
6 1695–701 
[17]  Seyler K L, Zhong D, Huang B, Linpeng X, Wilson N P, Taniguchi T, Watanabe K, Yao W, Xiao D, 
McGuire M A, Fu K M C and Xu X 2018 Valley Manipulation by Optically Tuning the Magnetic 
Proximity Effect in WSe2/CrI3 Heterostructures Nano Lett. 18 3823–8 
[18]  Coelho P M, Nguyen Cong K, Bonilla M, Kolekar S, Phan M H, Avila J, Asensio M C, Oleynik I I 
and Batzill M 2019 Charge Density Wave State Suppresses Ferromagnetic Ordering in VSe2 
Monolayers J. Phys. Chem. C 123 14089–96 
[19]  Chen P, Pai W W, Chan Y H, Madhavan V, Chou M Y, Mo S K, Fedorov A V. and Chiang T C 
2018 Unique Gap Structure and Symmetry of the Charge Density Wave in Single-Layer VSe2 Phys. 
Rev. Lett. 121 196402 
[20]  Xu K, Chen P, Li X, Wu C, Guo Y, Zhao J, Wu X and Xie Y 2013 Ultrathin nanosheets of vanadium 
diselenide: A metallic two-dimensional material with ferromagnetic charge-density-wave behavior 
Angew. Chemie - Int. Ed. 52 10477–81 
[21]  Esters M, Hennig R G and Johnson D C 2017 Dynamic instabilities in strongly correlated VSe2 
monolayers and bilayers Phys. Rev. B 96 235147 
[22]  Pan H 2014 Electronic and magnetic properties of vanadium dichalcogenides monolayers tuned by 
hydrogenation J. Phys. Chem. C 118 13248–53 
[23]  Manchanda P and Skomski R 2016 2D transition-metal diselenides: Phase segregation, electronic 
structure, and magnetism J. Phys. Condens. Matter 28 064002 
[24]  Lee S, Kim J, Park Y C and Chun S H 2019 Atomistic real-space observation of the van der Waals 
layered structure and tailored morphology in VSe2 Nanoscale 11 431–6 
[25]  Bonilla M, Kolekar S, Ma Y, Diaz H C, Kalappattil V, Das R, Eggers T, Gutierrez H R, Phan M-H 
and Batzill M 2018 Strong room-temperature ferromagnetism in VSe2 monolayers on van der Waals 
substrates Nat. Nanotechnol. 13 289–94 
[26]  Feng J, Biswas D, Rajan A, Watson M D, Mazzola F, Clark O J, Underwood K, Marković I, 
McLaren M, Hunter A, Burn D M, Duffy L B, Barua S, Balakrishnan G, Bertran F, Le Fèvre P, Kim 
T K, van der Laan G, Hesjedal T, Wahl P and King P D C 2018 Electronic Structure and Enhanced 
Charge-Density Wave Order of Monolayer VSe2 Nano Lett. 18 4493 
[27]  Wong P K J, Zhang W, Bussolotti F, Yin X, Herng T S, Zhang L, Huang Y L, Vinai G, 
Krishnamurthi S, Bukhvalov D W, Zheng Y J, Chua R, N’Diaye A T, Morton S A, Yang C Y, Ou 
Yang K H, Torelli P, Chen W, Goh K E J, Ding J, Lin M T, Brocks G, de Jong M P, Castro Neto A H 
and Wee A T S 2019 Evidence of Spin Frustration in a Vanadium Diselenide Monolayer Magnet Adv. 
Mater. 31 1901185 
[28]  Yu W, Li J, Herng T S, Wang Z, Zhao X, Chi X, Fu W, Abdelwahab I, Zhou J, Dan J, Chen Z, Chen 
Z, Li Z, Lu J, Pennycook S J, Feng Y P, Ding J and Loh K P 2019 Chemically Exfoliated VSe2 
Monolayers with Room‐Temperature Ferromagnetism Adv. Mater. 1903779 
[29]  Zhao C, Norden T, Zhang P, Zhao P, Cheng Y, Sun F, Parry J P, Taheri P, Wang J, Yang Y, Scrace 
T, Kang K, Yang S, Miao G X, Sabirianov R, Kioseoglou G, Huang W, Petrou A and Zeng H 2017 
Enhanced valley splitting in monolayer WSe2 due to magnetic exchange field Nat. Nanotechnol. 12 
757–62 
[30]  Zhang F, Mi W and Wang X 2019 Tunable valley and spin splitting in 2 H -VSe2/BiFeO3 (111) 
triferroic heterostructures Nanoscale 11 10329–38 
[31]  Vobornik I, Manju U, Fujii J, Borgatti F, Torelli P, Krizmancic D, Hor Y S, Cava R J and 
Panaccione G 2011 Magnetic proximity effect as a pathway to spintronic applications of topological 
14 
 
insulators Nano Lett. 11 4079–82 
[32]  Barua S, Hatnean M C, Lees M R and Balakrishnan G 2017 Signatures of the Kondo effect in VSe2 
Sci. Rep. 7 10964 
[33]  Panaccione G, Vobornik I, Fujii J, Krizmancic D, Annese E, Giovanelli L, Maccherozzi F, Salvador 
F, De Luisa A, Benedetti D, Gruden A, Bertoch P, Polack F, Cocco D, Sostero G, Diviacco B, 
Hochstrasser M, Maier U, Pescia D, Back C H, Greber T, Osterwalder J, Galaktionov M, Sancrotti M 
and Rossi G 2009 Advanced photoelectric effect experiment beamline at Elettra: A surface science 
laboratory coupled with Synchrotron Radiation Rev. Sci. Instrum. 80 043105 
[34]  Liu Z L, Wu X, Shao Y, Qi J, Cao Y, Huang L, Liu C, Wang J O, Zheng Q, Zhu Z L, Ibrahim K, 
Wang Y L and Gao H J 2018 Epitaxially grown monolayer VSe2: an air-stable magnetic two-
dimensional material with low work function at edges Sci. Bull. 63 419–25 
[35]  Duvjir G, Choi B K, Jang I, Ulstrup S, Kang S, Thi Ly T, Kim S, Choi Y H, Jozwiak C, Bostwick A, 
Rotenberg E, Park J G, Sankar R, Kim K S, Kim J and Chang Y J 2018 Emergence of a Metal-
Insulator Transition and High-Temperature Charge-Density Waves in VSe2 at the Monolayer Limit 
Nano Lett. 18 5432–8 
[36]  Abbate M, Pen H, Czyzyk M T, de Groot F M F, Fuggle J C, Ma Y J, Chen C T, Sette F, Fujimori A, 
Ueda Y and Kosuge K 1993 Soft X-ray absorption spectroscopy of vanadium oxides J. Electron 
Spectros. Relat. Phenomena 62 185–95 
[37]  Ruzmetov D, Senanayake S D and Ramanathan S 2007 X-ray absorption spectroscopy of vanadium 
dioxide thin films across the phase-transition boundary Phys. Rev. B 75 195102 
[38]  Zimmermann R, Claessen R, Reinert F, Steiner P and Hufner S 1998 Strong hybridization in 
vanadium oxides : evidence from photoemission and absorption spectroscopy J. Phys. Condens. 
Matter 10 5697–716 
[39]  Quackenbush N F, Paik H, Woicik J C, Arena D A, Schlom D G and Piper L F J 2015 X-ray 
spectroscopy of ultra-thin oxide/oxide heteroepitaxial films: A case study of single-nanometer 
VO2/TiO2 Materials (Basel). 8 5452–66 
[40]  Jang W-L, Lu Y-M, Chen C-L, Lu Y-R, Dong C-L, Hsieh P-H, Hwang W-S, Chen J-L, Chen J-M, 
Chan T-S, Lee J-F and Chou W-C 2014 Local geometric and electronic structures of gasochromic 
VOx films Phys. Chem. Chem. Phys. 16 4699 
[41]  Eguchi K, Nakagawa T, Takagi Y and Yokoyama T 2015 Direct Synthesis of Vanadium 
Phthalocyanine and Its Electronic and Magnetic States in Monolayers and Multilayers on Ag(111) J. 
Phys. Chem. C 119 9805–15 
[42]  Motti F, Vinai G, Petrov A, Davidson B A, Gobaut B, Filippetti A, Rossi G, Panaccione G and 
Torelli P 2018 Strain-induced magnetization control in an oxide multiferroic heterostructure Phys. 
Rev. B 97 094423 
[43]  Chen C T, Idzerda Y U, Lin H-J, Smith N V, Meigs G, Chaban E, Ho G H, Pellegrin E and Sette F 
1995 Experimental confirmation of the X-ray magnetic circular dichroism sum rules for iron and 
cobalt Phys. Rev. Lett. 75 152 
[44]  Zhang W, Zhang L, Wong P K J, Yuan J, Vinai G, Torelli P, van der Laan G, Feng Y P and Wee A T 
S 2019 Magnetic Transition in Monolayer VSe2 via Interface Hybridization ACS Nano 
acsnano.9b02996 
[45]  Vega A, Rubio A, Balbas L C, Dorantes-Davila J, Bouarab S, Demangeat C, Mokrani A and Dreyssé 
H 1991 Antiferromagnetic interlayer coupling in Fe/V and Fe/Cr J. Appl. Phys. 69 4544–6 
[46]  Harp G R, Parkin S S P, O’Brien W L and Tonner B P 1995 X-ray magnetic-circular-dichroism 
study of Fe/V multilayers Phys. Rev. B 51 3293 
15 
 
[47]  Fuchs P, Totland K and Landolt M 1996 Induced magnetization in thin epitaxial V films on Fe (100) 
Phys. Rev. B - Condens. Matter Mater. Phys. 53 9123–6 
[48]  Walker T G and Hopster H 1994 Induced magnetic order in ultrathin vanadium films on Fe(100) 
Phys. Rev. B 49 7687–90 
[49]  Finazzi M, Yubero F, Bencok P, Chevrier F, Hricovini K, Ciccacci F and Krill G 1997 X-ray 
magnetic circular dichroism of vanadium thin films grown on Ag(100) and Fe(100) J. Magn. Magn. 
Mater. 165 78–81 
[50]  Scherz A, Poulopoulos P, Nünthel R, Lindner J, Wende H, Wilhelm F and Baberschke K 2003 Direct 
probe of interdiffusion effects on the induced V spin polarization at Fe/V interfaces Phys. Rev. B 68 
140401 
[51]  Trzhaskovskaya M B, Nefedov V I and Yarzhemsky V G 2002 Photoelectron angular distribution 
parameters for elements Z = 55 to Z = 100 in the photoelectron energy range 100-5000 eV At. Data 
Nucl. Data Tables 82 257–311 
[52]  Banyay M, Juschkin L, Bersch E, Franca D, Liehr M and Diebold A 2012 Cross characterization of 
ultrathin interlayers in HfO2 high-k stacks by angle resolved x-ray photoelectron spectroscopy, 
medium energy ion scattering, and grazing incidence extreme ultraviolet reflectometry J. Vac. Sci. 
Technol. A 30 041506 
[53]  Eddrief M, Marangolo M, Etgens V H, Ustaze S, Sirotti F, Mulazzi M, Panaccione G, Mosca D H, 
Lépine B and Schieffer P 2006 Interface bonding of a ferromagnetic/semiconductor junction: A 
photoemission study of Fe ZnSe (001) Phys. Rev. B 73 115315 
 
 
 
 
 
 
 
 
 
 
 
 
